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A circular tube bundle is one of the simplest geometries that is widely used for heat
transfer applications. However, in the recent years, cross-flow heat exchangers with non-
circular tube arrangement have been receiving increased attention. The main purpose of
this work is to gain insight into the characteristics of heat transfer and fluid flow in dif-
ferent tube bundles arrangements: circular, ellipsoidal and wing-shaped, for heat ex-
changers taking into account local and bulk entropy generation. All tube shapes are in-
vestigated under similar operating condition. This could provide a new way for engineers
to design an optimal network of heat exchangers allowing the enhancement of heat
transfer and recovery in industrial applications.
We conduct a two-dimensional numerical CFD model using finite volume discretiza-
tion to evaluate the performance of these systems. The effects of pressure drop, exergy
and enthalpy balances are both investigated. Entropy generation is sought in order to find
the best tube bundles arrangement. Heat transfer correlations are obtained for different
situations of tube shapes and suggestions are made for the best geometry that minimizes
the total entropy generation (i.e. the irrevesibilities).
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Numerous industrial applications include Heat exchangers. They are used as evaporators, condensers, super-heaters,
economizers or they provide other essential engineering functions in all industrial systems that involve heat energy. In
many of these applications, cross-flow tube bundle heat exchanger are used In a bank of tubes, the tubes arrangement is an
in-line array or a staggered array and each tube has neighbors in both longitudinal and lateral directions.
In their papers, Jayavel and Tiwari [1], Aiba et al. [2] concluded that for high Reynolds numbers, staggered arrangements
of tubes in a tube bundle provide more heat transfer and causes less pressure drop compared to an in-line arrangement of
tubes. They pointed out the fact that the design of heat exchangers must be focused on increasing heat transfer while
minimizing pressure loss. The problem is that when a fluid flows over the tubes, these two objectives go inversely with the
main characteristics of the flow, i.e. Reynolds numbers and tubes geometry and arrangement. There is a trade of betweener Ltd. This is an open access article under the CC BY-NC-ND license
.
l, IUT de Montluçon, Montluçon, France.
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Nomenclature
a dimensionless transverse pitch
b dimensionless longitudinal pitch
Cp specific heat, J/kg K
D tube diameter, m
Eu Euler number
H heat transfer coefficient, W/m2 K
L length of numerical test section, m
Nu Nusselt number
Pr Prandtl number
ReD.eq Reynolds number based on equivalent tube
diameter
p pressure, Pa
Q total heat transfer rate, W
S entropy, J/K kg
SD diagonal pitch, m
SL longitudinal distance between two con-
secutive tubes, m
ST transverse distance between two consecutive
tubes, m
T temperature, °C
U axial velocity, m/s
Greek symbols
λ Thermal conductivity, W/m K
μ viscosity, Pa s
ρ density, kg/m3
Subscripts and superscripts
a air
eq equivalent
gen generation
in inlet
max maximum
out outlet
t tube
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Regarding the tubes geometry, due to their ease of manufacture, circular tubes have been generally used in the past.
However, this shape causes severe separation, large wakes, and hence high pressure drops. In the recent years, several
studies report on non-circular tubes in cross-flow heat exchangers. Merker and Hanke [3] showed that cross-flow heat
exchanger with elliptic-shaped tubes had smaller frontal areas on the shell-side compared to those with circular tubes in the
range of 103oReo5104. Ota et al. [4,5] concluded that for Reynolds number ranged from about 8000 to 79,000, the
minimum mean heat transfer rate for an elliptic tube was higher than the one of a circular tube. Brauer [6] reported that
there is an 18% relative reduction in the pressure drop for elliptical tubes compared to circular ones. Horvat et al. [7] studied
the transient heat transfer and fluid flow for circular, elliptical, and wing-shaped tubes with the same cross sections.
Comparing the performances of those three types of tubes, they reported that the values of the average Stanton number
(Sta) were lower for the ellipsoidal and the wing-shaped tubes than those for the cylindrical ones. Hasan and Sirén [8]
showed that a bank of oval-shaped tubes has a better combined thermal hydraulic performance than corresponding circular
tubes. Bouris et al. [9] proposed a new tube cross-section with a parabolic upstream shape and a semi-circular one
downstream. They carried out experimental and numerical simulations on the novel tubes bank heat exchanger to study the
thermal, hydraulic and fouling characteristics. Their results indicate that they attain higher heat transfer levels with 75%
lower deposition rate and 40% lower pressure drop. Sayed et al. [10], experimentally and numerically, studied the flow and
heat transfer characteristics of a cross-flow heat exchanger employing staggered wing-shaped tubes with zero angle of
attack. The results indicated that, the bundle of wing-shaped tubes has better performance over other bundles for similar
parameters and conditions.
It can be concluded from this literature review that non-circular tubes offer less flow resistance and higher heat transfer
rates in cross-flow heat exchangers than circular tubes. The main objective of the present work is to study the effect of tube
geometry on the average Nusselt Number while proposing an appropriate correlation for each case. We also investigate the
effect on flow resistance. The whole performance on heat transfer and pressure drop for each geometry is assessed by the
computation of the total entropy generation, i.e the entropy due to the heat transfer and the one due to the head losses, in
the fluid while flowing across the tubes and exchanging heat with them. The tubes we consider are smooth.
Among the many correlations that can be found in the literature for heat transfer and pressure drop over tubes bundles
that can be found in the literature, the most widely-used ones had been proposed by Zukauskas [11] and Zukauskas and
Ulinskas [12]. They studied heat transfer and pressure drop rates for a cross-flow over bundles of smooth tubes and sug-
gested correlations for both heat transfer and pressure drop for in-line and staggered banks of circular tubes. Their study
covered the range of 1000rReD.eqr2106, and 0.7rPrr500, as well as a wide range of relative transverse and long-
itudinal pitches. In the present work, we used these correlations for our comparison purposes.
The existing correlations are mostly related to the case of circular tubes and have been developed for a specific fluid,
longitudinal and transverse pitches, and particular ranges of Reynolds and Prandtl numbers. The user cannot extrapolate
those correlations beyond their respective ranges of applicability. For the configurations that we investigate, we develop
new correlations for the ranges considered. The computation of the total entropy generation is a fruitful tool that permits us
to derive important conclusion about the best designs for the heat exchangers with tube bundles.
Fig. 1. Boundary conditions and geometric data.
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In this study we consider a longitudinal section of a cross-flow tube bundle heat exchanger where the tubes may have
three different shapes: circular, elliptic and wing-shaped. A schematic of the problem is shown in Fig. 1 where a circular tube
is taken for illustration. The bank of tubes consists of uniformly spaced tubes with an internal diameter of 21.7 mm (D),
which are staggered across the cross fluid flow. Their centers are separated by a distance of 22.5 mm in the x direction (SL),
and 45 mm in the y direction (ST). The bank array has a length of 300 mm (L). Thanks to the the symmetry of the tube bank,
only a portion of the domain needs to be modeled. The computational domain is shown in outline in Fig. 1. The perimeters
of the ellipsoidal and the wing shaped tubes are taken equal to the one of the circular tube. Hence, the heat transfer surfaces
are the same in the three cases. The attack angles are taken zero.
Uniform air velocity and temperature boundary conditions are imposed at the inlet of the computational domain. For the
tree studied geometries the inlet free stream turbulence intensity is set to 1%, so the effect of turbulence on the heat transfer
and pressure loss is minimal. The outlet boundary condition is taken to be Neumann-type boundary condition with zero-
gradients imposed at that boundary for each scalar equation and zero-gradient in the streamwise direction imposed on the
momentum equations. Symmetry boundary conditions are applied at the lateral boundaries. The non-slip boundary con-
dition is applied at the tubes walls. The thermo-physical properties for both air and surface tubes are given in Table 1. In this
study, the flow range of interest is 5103rReD.eqr2.4104 ReD eq
U D
.
a max eq
a
( = )ρ μ . The maximum air velocity Umax is derived by
U U where S Smax a
S
S D D L
S
2
2
2
2T
D
T= = + ( )( − ) [13,14]. The maximum air velocity is taken less than 10 m/s in order to limit the
vortex effects. We take the same equivalent diameters for the three studied cases D D D Deq wingellipsoidal( = = = ).3. The CFD numerical method
Once the geometry had been specified, fluid flow and boundary conditions governing the flow and temperature dis-
tributions in the fluid and over the tubes surfaces are determined by solving continuity, momentum and energy equations
for incompressible fluids. The turbulence phenomena are accounted for using the RNG k-ε turbulence model. The basis of
this relatively simple turbulence model allows it to account for turbulent diffusion across multiple length scales and to
correctly fit the wall boundary conditions allowing an appropriate treatment of near wall regions [15]. A block-structured
computational grid consisting entirely of quadrilateral volumes was generated with significant refinement in the region
close to the wall. The first grid point off the wall is taken to be approximately y 1≈+ and the number of cells is 63624 for the
three geometries. Assuming a steady two-dimensional flow, the Ansys Fluents CFD software [16] was used to solve theTable 1
Thermo-physical properties.
Properties Values
Air Density (ρa) 1.987 Kg/m3
Heat capacity (Cpa) 1005.91 J/Kg K
Thermal conductivity (λa) 2.5849 W/m K
Viscosity (μa) 1.8275105 m/s2
Inlet temperature (Ta) 35 °C
Tubes surface Density (ρt) 2700 Kg/m3
Heat capacity (Cpt) 879 J/Kg K
Thermal conductivity (λt) 229 W/m °C
Tube temperature (Tt) 10 °C
N.E. Gharbi et al. / Case Studies in Thermal Engineering 6 (2015) 194–203 197governing equations to model this problem. Further, the present numerical methodology utilizes coupled scheme to solve
the discretized form of pressure–velocity coupling and the second-order upwind method has been employed to compute
the momentum equations and the energy equation [17].4. Heat transfer rate, head losses and total entropy generation computations
4.1. Heat transfer rate computation
The mean heat transfer rate coefficient of air-side h can be evaluated by means of Eq. (1) where At is the tube external
surface and LMTD is the log mean temperature difference.
h
Q
A LMTD 1t
=
̇
( )
T T
ln
LMTD
2
a out
T T
T T
a t
out t
= −
( )
−
−
The local Nusselt number is evaluated as:
Nu
hD
3aλ
=
( )
The inlet air temperature Ta, and tube surface temperature Tt , were set as boundary conditions. The mass-flux-weighted
outlet air temperature Tout was calculated at the outlet plane of the computational domain. Enthalpy flow rates at the inlet,
Hiṅ , and outlet, Houṫ , positions of the computational domain were determined, then the air-side heat transfer rate Q̇ of the
bundle was calculated according to Eq. (4):
Q H H 4out in
̇ = ̇ − ̇ ( )
4.2. Pressure drop computation
The static pressure difference between the inlet and outlet of the computational domain were directly evaluated with the
CFD code as:
p p p 5in out△ = − ( )
Knowing this difference, the influence of the geometry parameters of the inlet air properties on the pressure loss are
investigated using Euler number given in Eq. (6):
Eu
p
U 6a max
2ρ
= △
( )
4.3. Entropy generation computation
The total entropy generation was calculated in order to assess the heat transfer performances of thermal tube bundles for
different shapes. The total heat transfer rate was held constant, i.e. we impose the same heat flux rate, so that direct
comparisons could be made between the different cases considered [18]. In fact, for each geometry, varying the Reynolds
number, we compare the ability of the tubes to transfer the same given quantity of heat from the fluid to the tubes. This
allows that for a given Reynolds number, we compare the performances of the three tube geometries to transfer the same
given quantity of heat between the fluid and the tubes.
S S S S 7gen in out ṫ = ̇ − ̇ − ̇ ( )
S
Q
T 8t t
̇ =
̇
( )
The rates of entropy generation Sgeṅ depict the intensity of the irreversibility in the flow. These irreversibilities are due to
the heat transfer under finite temperature difference and to the mechanical friction in the flow. The best configuration
choice will obviously be the one with the least irreversibilities i.e. with the least entropy generation.
Fig. 2. Temperature contours (K) for circular, elliptical, and wing-shaped tube geometries at (a) ReD.eq¼5000, (b) ReD.eq¼15,000, (c) ReD.eq¼24,000.
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5.1. Heat transfer
Since the local Nusselt number is equal to the average dimensionless temperature gradient at the wall, temperature
contours for the air flowing across the tubes are first presented. Fig. 2 shows contours of static temperature for different
shapes of tube for selected Reynolds numbers. As expected, the thermal boundary at lower ReD.eq layer is thicker than that
for higher ReD.eq. This is attributed to the separation of the flow over the tubes surfaces leading to the increase of heat5000 10000 15000 20000 25000
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Fig. 3. Nu versus Re for different shapes of tube and numerical-experimental validation.
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Fig. 4. Heat transfer proposed correlation.
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The numerical results of the present study were validated with the corresponding experimental one of Zukauskas [11] of
Nusselt number, Fig. 3. The figure shows that both numerical and experimental results have nearly the same trend. At the
lower Reynolds number (5103rReD.eqr1104) numerical Nusselt values for the three geometries are close to the ex-
perimental one. The gap increases for large Reynolds number values (1104rReD.eqr2.4104). This is due to increased
turbulence which leads to the amplification of the convective heat transfer. This result is in fact with Bouris et al. [9]
experimental study who observed that with elliptic tube and his novel proposed tube's geometry there is more intense
vortex activity compared to circular ones.
In the last decade, there are very few correlations presented for cross-flow staggered bundles tubes. We can cite the work
of Ibrahim and Gomma [19] who have performed experimental and numerical studies of turbulent flow over bundle of
elliptical tubes. Their investigation covered a range of Re from 5.6 103× to 40 104× with four aspect ratios (axis ratios)
considered (0.25, 0.33, 0.5 and 1) and angles of attack from 0° to 150°. They presented a new correlation for Nusselt as a
function of axis ratio and angle of attack. More recently, Sayed et al. [20], experimentally and numerically, studied the flow
and heat transfer characteristics of a cross flow heat exchanger employing staggered wing-shaped tubes for Reynolds range
Re1.8 10 9.7 103 3× ≤ ≤ × , they presented correlations for Nusselt as a function of Reynolds and Prandtl numbers.
In this study we develop a new correlation for Nusselt number for different shapes of tube bundles. As with other
correlations, the Nusselt number is correlated by an equation of the form:
Nu C Re Pr 9n m= ( ) ( ) ( )
where C, n, and m are constants to be determined from the experimental data.
This form is obtained in our proposed correlation as shown in Fig. 4. By applying the parameters from the present study
we obtained the above correlation for Reynolds number in the range of 5103rReD.eqr2.4104 and for a 0° angle of
attack:
For circular shape:
Nu Re0. 347 100.6177= ( )
For elliptical shape:
Nu Re0. 20402 110.658= ( )
For wing shape:
Nu Re0. 141 120.6962= ( )
5.2. Pressure loss
For each type of tube geometry and rate of heat transfer, the ideal thermodynamic operating regime was sought. In
addition to this for a given flow regime and a heat quantity to transfer, the goal is to determine the optimal geometry for the
tubes. Optimal conditions are those where the system's exergy destruction rate is minimized while performing its essential
engineering function.
Fig. 5. Pressure contours (normalized by inlet kinetic energy) for circular, elliptical, and wing-shaped tube geometries at (a) ReD.eq¼5000, (b) ReD.
eq¼15,000, (c) ReD.eq¼24,000.
N.E. Gharbi et al. / Case Studies in Thermal Engineering 6 (2015) 194–203200The drag force experienced by the tubes is balanced by the pressure lost by the fluid as it flows past the tubes. This drag
force can be accounted for in terms of both pressure and viscous drag. Furthermore, since by the Prandtl's analogy the heat
transfer rate can be correlated with the wall shear (viscous drag), it is expected that for a given exchange surface, the shapes
that minimize pressure drag would be less efficient at recovering heat from the working fluid. Hence, there is a tradeoff
between those two facts: minimizing pressure losses and enhancing heat exchanges.
The static pressure contour normalized by inlet kinetic energy for different Reynolds number is presented in Fig. 5. As
Reynolds number increases, the normalized pressure decreases. In all cases, the less values distribution are usually recorded
near the surfaces of the external tubes of the bundle. As expected, it can be seen that over the range of Reynolds number5000 10000 15000 20000 25000
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Fig. 6. Numerical-experimental validation of Eu versus Re for different shapes of tube.
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Fig. 7. Pressure drop proposed correlation.
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is due to the smaller wake region. For these geometries, the normalized pressure drop decreases with increasing Reynolds
number. While higher Reynolds numbers are better for increasing the heat transfer rate the accompanying exergy de-
struction is also very high which increases the available energy cost of transferring heat between the fluid and the tubes.
With the help of Zukauskas and Ulinskas [12] correlation's available from Euler number the present results for the
pressure drop results can be validated. There are other models that may be adopted to calculate the pressure across
staggered tube bundles. In these models, the pressure drop is a function of Reynolds number as well as the parameters of
the tubes geometries, in most cases for circular geometry. These models are available in many heat transfer books like
Incropera and DeWitt [13] and Holman [14]. Some models leads to correlations of pressure drop as a function of viscosity
that can be used when the fluid's viscosity varies significantly with its temperature. In accommodation of our test cases the
comparison to Zukauskas and Ulinskas [12] correlation is the most appropriate. Fig. 6 shows this validation study. We
observed that numerical results of Euler number for all shape geometries follows the similar pattern of the one obtained
with experimental study. Our numerical results characterized by crosswise and streamwise pitch-to-diameter ratio's, a S
D
T
eq
=
and b S
D
L
eq
= , successively equal to a b2.07, 1.03( = = ) shows that Euler number is much higher for the circular shape than that
the non-circular one. This is because the separation point is much earlier than on the ellipse or the wing. It's a very good
result in fact.
In general, the correlation equation for Euler number in terms of Reynolds number for pressure drop of a steady flow
over a tube bundle is of the form:
Eu A
Re
1
13b
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Fig. 8. Total entropy generation as a function of Reynolds number.
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This form is obtained in our proposed correlation as shown in Fig. 7. By applying the parameters from the present study
we obtained the above correlation for Reynolds number in the range of 5103rReD.eqr2.4104 and for a 0° angle of
attack:
For circular shape:
Eu Re3. 0825 140.149= ( )−
For elliptical shape:
Eu Re3. 5352 150,228= ( )−
For wing shape:
Eu Re1. 8237 160,153= ( )−
5.3. Total entropy generation computation
The rates of entropy generation Sgeṅ depict the intensity of irreversibility in the flow. The Fig. 8 shows the total flux of
entropy generation Sgeṅ as function of Reynolds number Re. The shape of the three curves shows that there is an optimal
value of Re for each case. Those results are similar to other results of total entropy generation in the case of simple or slightly
complex convective heat transfer [18,21].
For each geometry, it can be noticed that, for a given heat flux to be transferred to the fluid, i.e. imposed heat flux rate at
the tube surfaces, there is a range of Re number where the entropy generation is minimum. This range is larger for the
elliptic and the wind-shaped geometries.
The curves in Fig. 8 allow choosing the best tube geometry when the Reynolds number is known. There is no general
better geometry valid for all cases. However, we can notice that for Reynolds number higher than 1.5104, the circular
geometry is the worst, and for Reynolds number higher than 2.3105 the elliptic geometry is the best.6. Conclusion
In this work, a numerical study has been conducted to investigate the heat transfer and the pressure drop characteristics
and effectiveness of a cross-flow heat exchanger employing staggered tube bank with different tube's shapes. There were
three studied geometries: circular, elliptic and wind-shaped. In contrast to the circular tubes which cause severe separation
and large wakes that leads to high pressure drops, non-circular tubes of streamlined shapes offer relatively lower pressure
drops.
General correlation of Nusselt and Euler numbers was obtained for each geometry and for a large range of Reynolds
number (5103rReD.eqr2.4104). Result was duly compared with the experimental results of the literature.
The total entropy generation flux was studied in the last part of this work. This generation depicts the intensity of the
irreversibilities, or the exergy destruction, that accompany the heat transfer and the flow of the fluid. Results obtained
shows that, when the tube geometry is fixed, there is an optimal value of Reynolds number to transfer a given heat flux
between the tubes and the shell side fluid. The results show also that there is no best geometric shape valid across all flow
conditions, i.e. across all Reynolds number, with respect to the minimizing of the entropy generation. However, results show
that when Re41.5104, the circular tube shape is clearly worse than the other two geometries, and for Re42.3104 the
elliptic shape is the best, albeit by only a small margin compared to the wing-shaped tubes.Acknowledgment
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